Over the years, empirical correlations have been developed for predicting saturated flow boiling [1] [2] [3][4][5][6][7][8][9][10][11][12][13][14][15] and condensation [16][17][18][19][20][21][22][23][24][25][26][27][28][29][30] heat transfer coefficients inside horizontal/vertical tubes or micro-channels. In the present work, we have examined 30 of these models, and modified many of them for use in compact plate-fin heat exchangers. However, the various correlations, which have been developed for pipes and ducts, have been modified in our work to make them applicable to extended fin surfaces. The various correlations have been used in a low-order, one-dimensional, finite-volume type numerical integration of the flow and heat transfer equations in heat exchangers. The NIST's REFPROP database [31] is used to account for the large variations in the fluid thermo-physical properties during phase change. The numerical results are compared with Yara's experimental data [32]. The validity of the various boiling and condensation models for a real plate-fin heat exchanger design is discussed. The results show that some of the modified boiling and condensation correlations can provide acceptable prediction of heat transfer coefficient for two-phase flows in compact plate-fin heat exchangers.
INTRODUCTION
In recent years, increased efforts have been devoted to the design of high performance compact heat exchangers due to the increasing heating and cooling requirements in various thermal systems. Among the many enhanced heat transfer techniques, working fluid with phase change by boiling or condensation can provide large heat fluxes, even with relatively small driving temperature differences. Therefore, two phase flows are widely used in the design of heat exchangers. Many efforts have been devoted to understanding the basic phase-change in the past and to develop models to predict heat transfer coefficients [33] [34] [35] [36] . Multiple correlations for fluid boiling or condensation heat transfer have been proposed in the literature, most of them having been developed empirically. However, as for the design of the compact heat exchangers with two phase flows, the available boiling and condensation correlations cannot be used directly since these correlations were originally developed for two-phase flows in horizontal/vertical smooth tubes or, recently, for flows in micro-channels. The accuracy of these correlations for two-phase flows in compact heat exchangers need to be tested due to more complicated flow passage geometries and the existence of extended surfaces such as the fins in the plate-fin heat exchangers.
In this study, 15 boiling and 15 condensation correlations taken from the literature are chosen to predict the boiling and condensation heat transfer in compact plate-fin heat exchangers. The existing models developed have been modified to account for the effects of fins. The proposed modified models are then used to predict the heat transfer for R22 boiling and condensation inside a compact plate-fin heat exchanger with serrated fins. The numerical results are compared with Yara's experimental data, so that the validity of these modified models can be assessed.
BOILING CORRELATIONS
Many correlations have been proposed for predicting the heat transfer coefficient in situations where a liquid boils. The 15 boiling correlations [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] tested in this study are summarized in Table 1 . For use in a plate-fin heat exchanger, the existing boiling correlations need to be modified so that the effects of the fins to both nucleate and convective boiling can be taken into account. Several studies [37, 38] have been carried out to study the boiling phenomena in a compact platefin evaporator. It was found that, on one hand, similar to single phase flow, the existence of the fins may lead to larger Reynolds number so that the convective boiling can be enhanced, On the other hand, nucleate boiling can also be suppressed due to larger shear stresses near the wall [37] .
Therefore, a smooth tube-based boiling correlation with the form For the small flow passages in a compact plate-fin heat exchanger, convective boiling is enhanced by the presence of extended surfaces, on which a liquid film is formed. The heat is first transferred from the solid to liquid film by conduction and convection, followed by vaporization at the liquid/vapor interface. This is analogous to the case of pure single phase liquid flowing through the same passage but in which enhanced heat transfer is also due to the fact the fins provide extra surfaces for heat transfer between solid and liquid. On the foregoing basis, the assumption is made that
where ( ) In this work, we also assume this value.
CONDENSATION CORRELATIONS
Similar to the boiling correlations, we have also chosen 15 condensation correlations originally developed for smooth tubes to investigate if they can be used for flows in a compact plate fin heat exchanger. These models are summarized in Table  2 (at the back of this paper). It can be seen that these models are mostly developed for annular or stratified flows. Two types of condensation modes are important: gravity controlled film condensation and shear controlled condensation. Therefore, these smooth tube-based condensation correlations can be written in the general form Gravity controlled film condensation will be enhanced/suppressed by the local surface profile. A concave surface tends to enhance condensation while a convex surface suppresses it [40] . The overall effects of the fins for the gravity controlled film condensation are not well understood. In this study, we assume there is no change in the gravity part of film condensation ( gra α ) for finned surface:
For shear-controlled film condensation, based on the classical Nusselt film theory [41] , we have
l dp dL dp dL
where the parameter l φ can be computed from the Lockhart The proposed models (Eqns. (2) and (10)) need to be tested. In this study, Yara's [32] compact plate-fin evaporator/condenser configurations are used for this purpose; this is shown in Fig. 1 . The same geometry are used for both boiling and condensation measurements. This plate-fin heat exchanger has 1 refrigerant passage and 2 water passages. Rectangular serrated fin is used for the refrigerant flow and plain rectangular fins are used in water flows. The geometry of the heat exchanger is defined in Table 3 . In evaporator mode, the cold flow of R22 is heated by the hot water from both sides and the flow conditions are given in Table 4 . In condenser mode, the hot flow of R22 is cooled by the cold water from both sides and the flow conditions are given in Table 5 . 
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Figure 2 Illustration of Serrated Fin Geometry
The geometry of serrated fin is illustrated in Fig. 2 . Manglik and Bergles' correlations [41] are used to predict the single phase heat transfer coefficient and pressure drop: Re Re Pr
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The mean temperature difference between the fin surfaces and saturated stream can be estimated as F sat T η Δ . The mean heat transfer coefficient across the overall heat transfer area can be calculated as [37] ( ) ( ) The modified boiling and condensation models have been implemented in the Thermal Analysis Software, INSTED. In this program, the flow passages are divided into small sections (Fig. 3) . The calculation tracks the flow from the inlet to the outlet of a fluid stream as the fluid goes through the passage. For instance, for every section along the cold fluid passage, there is an exchange of heat with the hot fluid. However, to exchange the heat between the streams, the temperature of the fluid in the other stream must be determined. This can only be done when the equations are solved on the segments of the other stream. Therefore, an iterative scheme is needed to solve the both streams. The procedure called "Incremental Method" is implemented and summarized in Fig. 4 . Details of the numerical procedure can be found in our previous work [42, 46] .
By discretizing the flow path into sections, the local heat transfer coefficient can be calculated by Eqn. (quality approaching 1) .
Similarly, the calculated results for the 15 modified condensation correlations are shown in Fig.6 , together with the results from the original models and Yara's experimental data. The mean absolute errors (MARE) of these models are also given in Table 2 . For this calculation, as stated in Yara's paper, the condensation is gravity-controlled. It can be observed that the "stratified-flow only" model (Jaster ). Since the condensation is gravity-controlled, the scaling factor proposed in Eqn. (8) needs to be assessed. To validate the proposed scaling factor on the shear terms in these models, the numerical results are again compared with the experimental data, where shear-controlled condensation dominates. In Fig. 6 , we can see that, with the exception of the models by Carpenter and Colburn [16] and Webb [26] , most of the original condensation models can still provide fair agreement with the experimental data, suggesting that the assumption made on the gravitycontrolled condensation in the proposed models -where we assume that the effects of the fin surface on the gravitycontrolled condensation is negligible -is probably reasonable.
CONCLUSION
In this study, 30 boiling and condensation correlations developed for smooth tubes have been modified and tested for use in a compact plate-fin heat exchanger. The test results show that the modified correlations can provide acceptable results. However, more experimental data is needed to further validate the proposed models. 
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